Introduction 31
Dissolved organic matter (DOM) represents a large pool of organic carbon in aquatic ecosystems of a 32 magnitude comparable to atmospheric carbon dioxide.
1 DOM has a significant role in the continental-33 scale carbon balance, as well as influence at local scales. 2, 3 Previous studies have shown direct links 34 between the optical, physical and chemical properties of DOM, such as the molecular size, 4 lignin 35 content, 5 and aromaticity. 6 The molecular size distribution of DOM as a whole, and the size of individual 36 compounds within it, are a key trait that can be linked to its degradation susceptibility. [7] [8] [9] [10] In particular, 37 numerous studies suggest a positive relationship between the average molecular size of DOM and 38 fluorescence emission maxima, [11] [12] [13] [14] [15] [16] suggesting that "humic-like" fluorescence is the result of extended, 39 conjugated aromatic structures. 40
Optical properties of different DOM size fractions have provided evidence for the supramolecular 41 assembly hypothesis, 17 whereby individual DOM moieties recur in non-covalently bound assemblies of 42 varying molecular size. In support of this hypothesis, highly similar optical properties are seen across the 43 entire molecular-size gradient of DOM.
11,18-20 Apparent molecular size distributions of DOM are typically 44 analyzed by high-performance size exclusion chromatography (HPSEC) to study changes in the size 45 distribution of DOM as a function of biogeochemical and physical factors. [20] [21] [22] [23] [24] Molecular size 46 distributions depend on the instrument used for its measurement: Mass spectrometry most often shows an 47 average molecular weight around 400 Da, 25 while HPSEC or ultrafiltration show higher averages. 4, 26, 27 48 However, many studies utilizing HPSEC are based on measurements of discrete sample fractionations, 49 and hence have relatively low sample (i.e. chromatographic) resolution. Recent studies used online 50 detectors to provide high resolution data (i.e. < 1 Hz); 14, 20, 28 however in fluorescence studies, a limited 51 number of excitation wavelengths were monitored simultaneously by these detectors, and a systematic, 52 comprehensive data analysis approach has yet to be established. Moreover, the determination of 53 4 molecular size distributions of emission excitation matrix (EEM) fluorescence in a continuous fashionAbsorbance and fluorescence spectroscopy allow the rapid and sensitive determination of chromophoric 56 and fluorescent DOM (CDOM and FDOM, respectively). 4, 29, 30 Due to the higher sensitivity and 57 selectivity of fluorescence over absorbance spectroscopy, FDOM properties measured as EEMs are 58 widely used as a proxy for DOM quality in aquatic environments.
31-34 EEM fluorescence spectroscopy 59 produces three-dimensional datasets that can be decomposed mathematically with methods such as 60
Parallel Factor Analysis (PARAFAC) 35, 36 , to obtain chemically and mathematically independent 61 fluorescence spectra. Targeted analysis of specific DOM compounds (such as amino acids) and 62 untargeted analysis of DOM using e.g. mass spectrometry, have suggested the presence of a common, or 63 even ubiquitous, fraction of chemical compounds within DOM. 37, 38 These findings may also extend to the 64 optical properties of DOM and indicate the possible presence of common fluorophores within the global 65 FDOM pool. 39, 40 Since 2014, the OpenFluor database has enabled systematic comparisons between 66 PARAFAC-derived DOM fluorescence spectra; 41 however, comparisons between studies and systems are 67 often hampered by instrumental, methodological and inter-laboratory variation. 42 In order to achieve 68 systematic and robust comparisons and locate common fluorescence spectra in the global FDOM pool, it 69 is crucial to establish analytical frameworks that mitigate such disturbances, whilst also avoiding 70 excessive sampling and measurement efforts. 71 PARAFAC is frequently used to interpret bulk DOM fluorescence datasets, though a number of 72 practical and theoretical hurdles still limit its application. For example, the fluorescence dataset must 73 contain sufficient spectral variation to produce meaningful, stable, and verifiable models, hence large 74 sample sizes are preferred. 43 In studies involving a relatively low number of samples, this requirement 75 often inhibits the use of PARAFAC or prevents model validation. Additionally, the mathematical 76 5 decomposition of EEMs assumes the superposition of a finite number of independently fluorescing 77 compounds (following Beer's Law), i.e. that the fluorescence spectrum of a mixture arises from the 78 spectra of its individual constituents. 44, 45 However, verifying this assumption is difficult for datasets 79 containing environmental samples. While multiple studies have questioned the superposition assumption 80 due to electronic interactions between chromophores, 46-49 evidence of electronic interactions have mainly 81
been observed under conditions of strong chemical oxidation, 50 although one study reported self-82 quenching of humic acid in HPSEC separations. 51 The extent to which electronic interactions undermine 83 the use of PARAFAC under environmental conditions is still unknown. 84
The goal of this study was to establish a new analytical framework based on HPSEC that can 85 reveal the molecular size distributions of the underlying DOM fluorescence components in individual 86 environmental samples using the full spectral resolution of EEMs. We further aimed to identify whether 87 or not FDOM separated by HPSEC follow Beer's law (i.e. behaves additively). Once this was confirmed, 88 the goal was to mathematically decompose EEMs from individual samples and compare the underlying 89 fluorescence spectra. Moreover, we aimed to assess the supramolecular assembly hypothesis using our 90 analytical framework. Finally, we aimed to identify consistent trends between fluorescence emission 91 maxima and molecular size of statistically derived components in individual samples. If found, these 92 would offer the opportunity to use the bulk FDOM composition to gain direct insights into the average 93 molecular size of FDOM. 94
Four allochthonous samples (Lake Lillsjön, Sweden; Rio Negro, Brazil; Svartan River, Sweden; Rio 97 Tapajós, Brazil) and two autochthonous samples (Pacific Ocean & Pony Lake) were extracted with PPL 98 and XAD8 resins, respectively, using established methods (see Supporting Information (SI) S1 and Table  99 S1 for further information).
52-55 200µL of the PPL extract was dried and SPE-DOM was reconstituted in 100 0.15 M ammonium acetate (pH 7). DOM of two XAD-8 extracts was dissolved in 0.15 M ammonium 101 acetate at concentrations of 1.4 mg L -1 and 0.25mg L -1 for samples originating from Pony Lake and the 102 Pacific Ocean, respectively. 103
High performance size-exclusion chromatography 104
Full details pertaining to the HPSEC equipment, and methodology are provided in the Supporting 105 Information (S1, SI Figures S1-S6). Briefly, HPSEC was performed using a Shimadzu Nexera X2 UFLC 106 system equipped with a TSKgel SuperAWM-H column. DOM was eluted with 0.15 M ammonium acetate 107 (pH 7), and two sequential detectors were used. Absorbance was measured between 240 and 600 nm at 108 2 nm intervals using a Shimadzu SPD-M30. Fluorescence emission was then detected between 300 and 109 600 nm at 5 nm increments across excitation wavelengths from 240 -450 nm at 5-10 nm increments 110 using a Shimadzu RF-30Axs by combining measurements from separate runs. For every sample, a 111 sequence of runs was performed whereby the same sample was injected while instrument parameters were 112 systematically changed between runs. In total, the chromatographic run was repeated 35 times to allow 113 the determination of absorbance properties (one run) and fluorescence properties at an EEM-like spectral 114 resolution (34 runs, one for every excitation wavelength at a constant emission wavelength range). This 115 resulted in around 1500 individual absorbance spectra and fluorescence emission scans (each of the 1500 116 7 emission scan subsequently combined with those of the other injections to form EEMs as shown in SI 117 Figure S6 ) per sample (total of ~ 26 hrs measurement time per sample). To reduce the dataset size, a 118 subset of 250 evenly-spaced emission scans were extracted for the chemometric analysis (see below). 119
After compilation of fluorescence emission scans into EEMs, each EEM presents the fluorescence 120 composition of a measured sample at a given elution volume (or apparent molecular size). The analytical 121 column was calibrated using polystyrene sulfonate, which serves only to report the approximate apparent 56- 58 The separation of co-131 eluting analytes can be achieved with mathematical deconvolution approaches such as PARAFAC. 59 In 132 this study, PARAFAC was applied using the drEEM toolbox (v0.3.0) to mathematically decompose the 133 three-way data array as described previously: The signal of a given analyte is linearly related to its invariant excitation and emission spectrum, i.e. one 146 component describes an analyte in all three modes. The combination of applying PARAFAC to 147 decompose HPSEC-derived EEMs is represented herein using the terminology HPSEC-EEM-PARAFAC. 148
In agreement with the analytical nature of the HPLC dataset, PARAFAC models in this work were 149 constrained to non-negativity, i.e. component scores and loadings were forced to be positive. Model fits 150
were stopped when the relative reduction in fitting error from one iteration to the next did not exceed 10 -7 . 151
Since HPSEC chromatograms typically feature analyte abundances that vary over several orders of 152 magnitude, pretreatment of data is critical to avoid extremely different leverages across the dataset 153 gradient. 45 However, normalizing HPSEC EEMs to unit variance is problematic since early-and late-154 eluting EEMs with fluorescence close to zero are amplified, preventing efficient PARAFAC modelling. 155
Instead, fluorescence intensities were log 10 normalized, which reduced the effect of peak-to-baseline 156 concentration gradients, limited covariance between simultaneously eluting analytes, and limited the 157 effect of noise (SI Figure S7) . 158
The Tucker congruence coefficient (TCC) was used to assess spectral congruence between components 159 derived from different samples and models. 61 A classic (dataset-, i.e. sample-specific) split-half validation 160 was performed for the two autochthonous samples (TCC combined > 0.95), while a more stringent external 161 9 (i.e. cross-dataset and -sample) comparison was performed for the four allochthonous FDOM models 162 since these samples appeared to be highly similar. Since these allochthonous samples were collected by 163 different scientists and at different locations and times, this approach represents a more stringent approach 164 to assessing model validity. For the external comparison, a slightly lower TCC threshold of > 0.95 for 165 emission and excitation spectra (i.e. TCC combined > 0.9) set. This threshold represents a compromise 166 between the more rigid threshold employed by OpenFluor (TCC combined >0.95) and a lower threshold that 167 takes into account variability that can arise from modeling and comparing two completely independent 168 datasets. 169
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The unique coupling of HPSEC and full-resolution EEM spectroscopy in this study presented the 172 opportunity to investigate the additive behavior of DOM fluorescence (i.e. compliance with Beer's law). 173
The sum of fluorescence emission from size-separated EEMs was compared to the bulk EEM obtained on 174 the same instrument without the chromatographic column installed. This was performed for two 175 representative samples (Fig. 1, SI Figure S8 ). Size separation did not produce substantial changes of 176 fluorescence in the visible fluorescence emission region (excitation > 300 nm), as might be expected from 177 intermolecular charge transfer or fluorescence quenching.
46,62-64 However, at excitation wavelengths 178 below 300 nm, two regions deviated from the otherwise randomly-distributed residuals. In the UVA 179 region, a negative residual of less than 20 % was observed relative to the bulk EEM, indicating loss of 180 fluorescence during separation. This was likely caused by adsorption of small monomers onto the 181 analytical column due to secondary interactions, since pure tryptophan and salicylic acid also showed 182 secondary retention (data not shown). Secondly, a positive residual of <4 % indicating a gain of 183 fluorescence was seen in the emission range between 360 and 470 nm when excitation was below 184 300 nm. This small gain is likely attributable to a weak background fluorescence signal emitted by the 185 mobile phase, which constantly eluted from the analytical column despite an auto-zero blank subtraction 186 at the beginning of each run. Despite these minor differences, the spectral shape of bulk and size-187 separated EEMs was highly similar. TCCs between fluorescence emission at all excitations was higher 188 than 0.9997, but did show lower values at low excitation wavelengths (<300 nm) due to the lack of 189 protein-like fluorescence in the size-separated EEMs (SI Figure S8) . (Fig. 2) . 216
Despite high overall similarity between components in all four models (Fig. 2) , their spectral 217 congruence did not always meet the criterion of TCC ≥ 0.95 that is often applied to identify 218 interchangeable spectra (SI Table S2 ). 41, 45 However, in all comparisons, TCC exceeded the threshold of 219 "fair" similarity (0.85) and in all but one cases exceeded 0.90 (C 350 between Lake Lillsjön and Svartan 220 River). 61 Common sources that might result in minor spectral changes, such as sample pH and metal-221 quenching, were eliminated by the combination of DOM extraction and controlled buffer conditions 222 during chromatographic separations. 65, 66 Thus, the spectral differences observed between otherwise 223 similar models must have originated from other sources. Since fluorescence properties of aromatic 224 structures are influenced by conjugation and substitution, structural variations in similar fluorophores 225 13 between samples may explain the slight spectral shifts and shape variations. 67 While this explanation 226 cannot be denied without further experiments, we hypothesize that the spectral differences may have also 227 been caused by the unavoidable spectral limitations of the highly sensitive HPSEC fluorescence detector. 228
Compared to traditional EEMs, 68 HPSEC EEMs are affected by larger areas of scatter and a slightly 229 reduced spectral range, both of which may influence the mathematical decomposition. 69 While the general 230 influence of these factors has been investigated previously, 70 the detailed influence of variable size of 231 scatter excision and changing spectral ranges on fluorescence modeling remains poorly understood and 232 should be investigated further. While the identification of the primary factor responsible for the observed 233 spectral differences between congruent fluorescence components is currently not identifiable, the one-234 sample framework is best suited to investigate such issues since it would otherwise not be possible to 235 make such observations using such a limited number of environmental samples. Despite this, a high 236 degree of overall similarity between the fluorescence compositions of independent samples from 237 geographically contrasting sites was observed (Fig. 3a, SI Figure S11 ), since relative component 238 contributions were within 5 % of the respective mean contributions (Fig. 3b) . These deviations are 239
especially low compared to a recent HPSEC-based study of boreal lake DOM that indicated variations of 240 more than 50 % for some humic-like components between samples from different lakes. 71 This 241 compositional and spectral similarity is striking and suggests that globally, the bulk optical properties of 242 terrestrial DOM may arise from very similar chemical structures. 243 that spectral properties of autochthonous FDOM would also be similar across samples. To test this, the 246 size-dependent optical properties of the autochthonous extracts from the Pacific Ocean and Pony Lake 247 samples were analyzed using the same approach employed for the allochthonous samples. This offered 248 the opportunity to compare fluorescence components originating from lateral terrestrial inputs in rivers 249 and lakes with fluorescence components produced in situ. For both autochthonous samples, a six-250 component PARAFAC model best described the size-dependent optical properties (SI Figure S12) . The 251 spectral properties of the autochthonous extracts visibly differed from the allochthonous extracts and 252 unlike the allochthonous extracts, contained mostly unique fluorescence spectra. Only two components 253
(emission maxima at 510 and 430 nm) derived from the Pacific Ocean and Pony Lake sample were 254 spectrally congruent. Unique spectra in both autochthonous samples consisted of three protein-like 255 fluorophores with emission maxima below 400 nm and five humic-like components with emission 256 maxima between 400 and 500 nm. Thus, the hypothesis that autochthonous FDOM components are 257 spectrally similar across samples was rejected. However, it should be noted that the two autochthonous 258 samples were extracted using different resins, potentially affecting this result. 259
Despite greater variability, the fluorescence spectra derived from the autochthonous samples 260 partially matched with spectra derived from the allochthonous samples. Components closely matching 261 allochthonous C 510 (as identified in Lake Lillsjön) were found in Pony Lake and Pacific Ocean FDOM. 262 Thus, C 510 was the only ubiquitous component across all investigated samples (Fig. 4) . Additionally, 263 components closely resembling C 405 and C 430 were present in FDOM from Pony Lake and the Pacific 264
Ocean, respectively (Fig. 4) . matches with components from a total of 10, 38, 31, 2, and 24 studies, respectively (Fig. 4, grey lines) . 268
Considering the current total of 62 models with 4 or more components in the database (as of June 2017), 269 the five allochthonous fluorescence spectra thus showed spectral correlation with a significant proportion 270 of previous studies (except in the case of C 450 ). C 510 and C 405 also showed striking similarity with two 271 components previously listed by Ishii & Boyer (2012) as reoccurring humic-like FDOM components. 39 
272
The fact that C 510 and C 405 also represent the components with the highest number of matches in the 273
OpenFluor database confirms these earlier observations and the presence of reoccurring PARAFAC 274 components across aquatic environments. 275
Compared to the bulk-sample PARAFAC approach, 45 the one-sample modeling approach 276 described here offers critical advantages. First, our approach does not require large-scale sampling efforts. 277
Secondly, HPSEC offers the unique opportunity to confirm the additive behavior of DOM fluorescence 278 and thus ensures the applicability of mathematical decomposition routines. Moreover, EEMs originating 279 from HPSEC separations are not influenced by disturbances common to environmental gradients, such as 280 pH, 65 metal-quenching, 66 ionic strength, 72 and charge-transfer. 73 Thus, we propose that the described one-281 sample modeling framework offers a systematic approach to investigate the commonality of fluorescence 282 spectra across different aquatic environments. However, it should be noted that the shown sample 283 characteristics strictly apply to the time of sampling. DOM composition may change with season and 284 sampling location. Nevertheless, similarities between samples were found despite factors such as time of 285 sampling and seasonality of the individual systems, spatial differences in DOM biogeochemistry, and 286 methodological differences in sampling. total HPSEC-EEM fluorescence) and molecular size of total fluorescence was apparent (Fig. 3, dashed  315 line and red dots). Although a direct correlation between fluorescence emission and molecular size might 316 be expected for simple mixtures, our results suggest that this was not the case for the complex mixtures 317 analyzed in this study. Our findings rather suggest that FDOM components were possibly associated with 318 non-fluorescing organic matter with a range of three-dimensional structures / sizes, thus convoluting the 319 relationship between fluorescence emission and molecular size. The contradictory results may arise at 320 least in part from the different analytical approaches between studies, but may also result from differences 321 in sample preparation, choice of analytical column, or the overall degree of compositional variability in 322 each dataset. While results in this study suggest that bulk FDOM is an unreliable indicator of the average 323 molecular size of DOM, further investigation with additional samples is warranted. This finding also 324 highlights the need for additional analytical detectors (such as refractive index or mass spectrometry) to 325 be included in HPSEC analyses, since a combination of detectors with overlapping analytical windows 326 will provide deeper insights into the molecular assemblies of DOM. 327
HPSEC-EEM-PARAFAC demonstrated that apparent molecular size distributions of spectrally congruent 328 fluorescence spectra may differ between samples. We identified differences in apparent size distributions, 329 most notably in the low molecular size range, in particular for the poorly-resolved peaks of components 330 C 350 , C 405 and C 450 in several samples (Fig. 5 inserts) . Notably, experiments with pure fluorophores 331 suggested the presence of secondary column interactions with compounds of low molecular size. Thus, a 332 combination of secondary interaction (possibly of hydrophobic nature) and molecular size might be 333 18 responsible for peaks at low apparent molecular size. Nonetheless, these observations all point towards 334 distinct compositional differences between samples. 335 Molecular size distributions of corresponding fluorescence spectra extracted from autochthonous samples 336 (Pony Lake and the Pacific Ocean) visibly differed compared to allochthonous samples (Fig. 5) . Although 337 molecular size peaks were similar, the size distribution of C 510 was shifted toward low apparent molecular 338 size. For the Pacific Ocean sample, C 405 showed two distinct peaks at high elution volume (~3.8, and 339 ~6.1 mL) that did not occur in allochthonous samples. Similarly, C 430 of the Pony Lake sample showed a 340 peak at elution volume 3.9 mL that was not visible in allochthonous samples. 341
These small, but significant differences present novel insights into the chemical properties of spectrally 342 interchangeable fluorescence components. For example, according to the size-reactivity continuum, 
